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We introduce and investigate a special regime of terahertz generation in electro-optic crystals with
ultrashort laser pulses, in which neither phase-matching nor Cherenkov radiation mechanism are
efficient. This regime occurs under the conditions that the optical group refractive index is larger
than the low-frequency phase refractive index of the crystal, and the spectral bandwidth of the laser
pulse is smaller than the frequency of the phase-matched terahertz wave. In this regime, that can be
realized for a Ti:sapphire laser in GaP, terahertz generation is provided by transient processes at the
crystal boundaries. We study the peculiarities of the terahertz emission from a slab of GaP excited
with a Ti:sapphire laser. In particular, we demonstrate a possibility to implement a pointlike source
of terahertz radiation that can increase the resolution of terahertz apertureless near-field
microscopy. © 2009 American Institute of Physics. DOI: 10.1063/1.3110064
I. INTRODUCTION
Optical rectification of ultrashort laser pulses propagat-
ing through electro-optic crystals is a widely used technique
for generating broadband terahertz radiation. In this tech-
nique, the pump optical pulse produces a nonlinear polariza-
tion, which follows the intensity envelope of the pulse. The
nonlinear polarization moves with the group velocity of the
optical pulse and emits terahertz radiation.
From the kinematic point of view, the emission is clas-
sified into two regimes depending on the dispersion proper-
ties of the electro-optic material—the superluminal, with ng
n0, and subluminal, with ngn0, regimes, where ng is the
optical group refractive index and n0 is the low-frequency
phase refractive index of the material.1,2
In the superluminal regime ngn0, the optical pulse
can produce terahertz radiation via Cherenkov radiation
mechanism; the moving nonlinear polarization emits tera-
hertz radiation very much like a relativistic dipole emits
Cherenkov radiation.3 To produce the Cherenkov cone of
terahertz waves the optical pulse should be focused to a size
of the order of or smaller than the terahertz wavelength. In
the subluminal regime ngn0, there is always a frequency
0 at which phase-matching is achieved, owing to the pres-
ence of terahertz dispersion ng=n0, where n is the
phase refractive index in the terahertz range. This provides a
simple way to generate terahertz radiation; illumination of a
slab of subluminal material by a large as compared to the
terahertz wavelength aperture beam of femtosecond laser
pulses results in the phase-matched excitation of a quasi-
plane terahertz wave propagating collinearly to the laser
beam.
In Ref. 4, it was proposed to distinguish two cases in the
superluminal regime of terahertz generation—the strongly
and weakly superluminal regimes. In the strongly superlumi-
nal regime, the difference between ng
2 and n0
2 is significantly
larger than the variation in n2 over the spectral bandwidth
of the laser pulse 2−1  is the laser pulse duration, i.e.,
n0
2
−ng
2n22−1−n0
2
, and, therefore, the role of terahertz
dispersion in the optical-to-terahertz conversion is negligible.
This regime is typical, for example, for LiNbO3 excited with
Ti:sapphire laser.4 In the weakly superluminal regime when
n0
2
−ng
2n22−1−n0
2 as for GaAs excited with a fiber
laser4, the dispersion significantly affects the generated tera-
hertz fields.
In this paper, we go further and show that the subluminal
regime of terahertz generation can be usefully classified into
two cases as well—the weakly and strongly subluminal re-
gimes according to the conditions 02 and 02, re-
spectively. These conditions, unlike the kinematic conditions
of the strongly and weakly superluminal regimes, have dy-
namic nature—they define how efficient the excitation of the
phase-matched wave is. Indeed, optical rectification of an
ultrashort laser pulse can be considered as a result of
difference-frequency mixing among the spectral components
within the pulse bandwidth. Apparently, the maximal fre-
quency of the generated terahertz spectrum is restricted by
the spectral bandwidth of the pump optical pulse. For 0
2, the bandwidth 2−1 is comparable to or even larger
than the phase-matched frequency 0 and, therefore, the
phase-matched wave is excited efficiently. As a typical ex-
ample of the weakly subluminal regime, we refer to the
widely used technique5–7—phase-matched generation of
2.5 THz wave in ZnTe by Ti:sapphire laser pulses with
typical duration FWHM250 fs, i.e., 02.3 FWHM is the
standard full width at half maximum FWHM duration for a
Gaussian pulse, FWHM=2ln 21.67. In the strongly
subluminal regime 02, which is introduced in this pa-
per, phase-matching with a collinearly propagating terahertz
wave is allowed kinematically there exists a phase-matched
frequency 0 but the wave is practically not excited. Its
amplitude is negligible because the frequency 0 exceeds the
maximal generated frequency 2−1. The strongly sublumi-
nal regime can be realized in GaP excited with a Ti:sapphireaElectronic mail: bakunov@rf.unn.ru.
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laser pulse of a typical duration Fig. 1. The peculiarity of
GaP is a relatively high frequency of the first transverse op-
tical TO phonon resonance TO / 211 THz compare,
for example, with ZnTe where TO / 25.3 THz. Due to
this fact phase matching between a Ti:sapphire laser pulse
and a collinearly propagating terahertz wave is achieved at a
rather high frequency 0 / 27.4 THz Fig. 1. This fre-
quency lies outside the bandwidth of the generated terahertz
spectrum for the pump pulse durations FWHM70 fs 0
2 and, therefore, the phase-matched wave is practically
not excited. Additionally, due to the high resonance fre-
quency TO the dispersion curve in the range of a few tera-
hertz is flat what prevents dispersion broadening of the gen-
erated terahertz pulse. As we show further, this enables one
to produce single-cycle terahertz pulses.
Recently, GaP has drawn attention as an attractive mate-
rial for terahertz generation with use of Yb-doped fiber sys-
tems operating at 1.055 	m wavelengths.8 Since ng in
GaP at 1.055 	m is slightly smaller than n0 ng=3.30, n0
=3.34 Ref. 9, the generation regime that was exploited in
Ref. 8 may be referred to, according to classification of Ref.
4, as weakly superluminal.
Below we develop a theory of the strongly subluminal
regime of terahertz generation in a slab of GaP excited with
a Ti:sapphire laser. We consider a two-dimensional 2D case
when the pump laser pulse is infinite in one direction and has
a finite width in the other direction. The 2D case does not
require very bulky calculations as the three-dimensional 3D
case of focusing to a spot. At the same time, it allows us to
study the effect of laser focusing on the generated terahertz
fields. In practice, focusing pump laser pulse into a line by a
cylindrical lens offers several advantages,4 in particular, it is
used to scale up the energy of terahertz pulses created by
optical rectification.10,11
Our consideration is based on the developed, in Ref. 4,
general theoretical approach to terahertz generation in a slab
of an electro-optic material with focused to a line laser
pulses. Applying this approach to GaP excited with a Ti:sap-
phire laser, we trace the temporal dynamics of the optical-to-
terahertz conversion inside the slab and study waveforms
and spatial-spectral distribution of the terahertz emission
from the slab. Practical applications to terahertz apertureless
near-field microscopy are discussed.
II. MODEL AND APPROACH
Let us consider a slab 0zd of GaP illuminated
normally by a Ti:sapphire laser pulse 800 nm wavelength
focused in the x-direction by a cylindrical lens Fig. 2. The
beam width in this direction  can be varied in a wide range
FWHM=2ln 2. In the y-direction, the beam width is
assumed to be much greater than the terahertz wavelength.
This allows us to approximate the laser by a 2D pulse with
fields independent of y. The pulse propagates through the
slab with a group velocity V=c /ng, ng=3.56 at 800 nm.9
We neglect the optical pulse distortion due to dispersion,
diffraction, and pump depletion and write the nonlinear po-
larization induced in the slab via optical rectification as a
given function of x and 
= t−z /V,
PNL = pGxF
 . 1
In Eq. 1, the transverse profile of the optical beam Gx and
the time-dependent envelope of the optical intensity F
 are
assumed to be Gaussian functions
Gx = e−x
2/
2
, F
 = e−

2/2
, 2
with the Fourier transforms
G˜ g =

21/2
e−g
2
2 /4
, F˜  =

21/2
e−
22/4
. 3
We assume the optimal for all zinc-blend crystals configura-
tion of GaP Ref. 4—a 110	-cut crystal with the 001 crys-
tallographic axis oriented at an angle of 55° with respect to
the electric field of a linearly polarized, along the x-axis,
laser beam. In this configuration, p is maximal and codirec-
tional with the electric field; py = pz=0, px=deffE0
2 with deff
=24.8 pm /V the nonlinear coefficient,12,13 and E0 is the am-
plitude of the optical field in the crystal E0 relates to the
peak laser intensity I0 as I0= c /8noptE0
2
, with nopt=3.18
the refractive index of GaP at 800 nm Ref. 12. The polar-
ization px excites p-polarized terahertz waves with field com-
ponents By, Ex, and Ez. Excitation of p-polarized waves is
advantageous as compared to s-polarized waves with Ey, Bx,
and Bz due to higher transmission of these waves to vacuum
at the exit boundary of the crystal.
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FIG. 1. Illustration of the conditions of the strongly subluminal regime of
optical-to-terahertz conversion. The intersection point of ng with n de-
fines the phase-matched frequency 0. The spectrum of the optical intensity
envelope F˜  is negligible at =0. Parameters are taken for GaP pumped
at 800 nm by a Gaussian pulse with FWHM=150 fs.
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FIG. 2. Color online Schematics of the problem: a Ti:sapphire laser pulse
focused in the x-direction by a cylindrical lens propagates through a slab of
GaP with a group velocity V=c /ng.
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For the dielectric function of GaP in the terahertz range
we use the one-phonon-resonance formula
 =  +
0 − TO
2
TO
2
− 2 + i
, 4
with 0=11.15, =9.35, and TO / 2=11.01 THz.9 For
the damping rate  we use a value =4.6 THz calculated
from the experimental data of Ref. 14 on terahertz absorption
in GaP at room temperature.
To find the terahertz radiation generated by the moving
nonlinear polarization Eq. 1, we apply the general formu-
las of Ref. 4 to our case of ppx ,0 ,0. The magnetic field
Fourier transform B˜ yz ,g , is given by
B˜ y = 
D1e
ivz, z 0
D2e−icz + D3eicz − Re−iz/V, 0 z d
D4e−ivz−d, z d ,
 5
with
R = 4pxngF˜G˜ /c2c
2/2 − ng
2 , 6a
D1 = D2 + D3 − R , 6b
D4 = D2e−icd + D3eicd − Re−id/V, 6c
D2,3 = Rc vv + c
2V/eicd + c v
v − c
2V/e−id/V/ , 6d
 = c + v2eicd − c − v2e−icd. 6e
In Eqs. 5 and 6, the longitudinal wave numbers in
vacuum v and in the crystal c are given by v
2
=2 /c2
−g2 and c
2
=2 /c2−g2. The Fourier transforms E˜ xz ,g ,
and E˜ zz ,g , can be expressed through B˜ yz ,g , by
means of Maxwell’s equations.4 To transform the solution 5
and 6 to the t , x domain we take inverse transforms in the
form
Byz,x,t = 
−

d
−

dg eit−igxB˜ yz,g, 7
and the same formulas used for the other fields.
III. RESULTS AND DISCUSSION
A. Emission from a planar optical pulse: Double
inversion of terahertz pulses
To get an analytical insight into the dynamics of tera-
hertz generation in the strongly subluminal regime, let us
consider first the limiting case of a planar optical pulse with
→. In this limit, the function G˜ g in the coefficient R
transforms to the delta function g and the double Fourier
integral Eq. 7 reduces to a simple integral. Additionally,
let us set aside for a while the effects that arise from the
presence of the exit boundary of the crystal at z=d and con-
sider first the crystal as semi-infinite d→. In practice for
d100 	m, the duration of the generated terahertz pulse is
typically smaller than the roundtrip time of the pulse in the
crystal and the processes at the entrance and exit boundaries
of the crystal can be considered successively.15
Using → and d→, Eqs. 5, 6a–6e, and 7 for
z0 can be reduced to
Exz,t = 4px
−

d
F˜ 
 − ng
2
  1 + ng1 + eit−z/c − eit−z/V , 8
where, for convenience of practical application, electric field
Ex is used instead of By. In Eq. 8, according to the general
concept of Ref. 4, the first term in the brackets is the free-
wave response that propagates with distortion due to disper-
sion and absorption and the second term is the forced-wave
response that propagates without changing its shape.
In the case of a subluminal material ng
20, there is a
peculiarity in the integrand of Eq. 8 at −ng
2
=0. In the
weakly subluminal regime of ZnTe excited with a Ti:sap-
phire laser, the peculiarity plays a significant role. The resi-
due contributions from the poles −ng
2
=0 describe the
generation of a phase-matched wave.4 In the strongly sublu-
minal regime of GaP, the contributions from the poles are
suppressed by the Gaussian factor F˜  Fig. 1. Moreover,
due to the flatness of the dispersion curve and small terahertz
absorption in GaP see Sec. I, we can approximate  by
a real constant 0. This allows us to evaluate the integral Eq.
8 analytically,
Exz,t =
4px
n0
2
− ng
21 + ng1 + n0Ft − zn0c  − Ft − zngc  9
with n0=0. Equation 9 was obtained earlier4 as a disper-
sionless approximation for the superluminal regimes of tera-
hertz generation in LiNbO3 excited at 800 nm and GaAs
excited at 1.5 	m. It predicts the generation of two tera-
hertz pulses of the same Gaussian shape, which mimics the
envelope of optical intensity but with different amplitudes
and opposite signs. Physically, the free-wave pulse first term
in the brackets is the transition radiation propagating from
the entrance boundary of the crystal and the forced-wave
pulse second term in the brackets is the near field of the
nonlinear source. In contrast to superluminal materials such
as LiNbO3 and GaAs, in GaP excited at 800 nm the
velocity c /n0 of the free-wave pulse is higher than the veloc-
ity V=c /ng of the forced-wave pulse. Thus, in GaP the pulses
propagate in inverse order as compared to superluminal
materials—the free pulse ahead of the forced one. Further-
more, since the factor n0
2
−ng
2 in Eq. 9 has opposite signs in
GaP and in superluminal materials, the pulses in GaP have
inverse polarities comparatively to LiNbO3 or GaAs. Thus,
in GaP excited at 800 nm we have double position-
polarity inversion of the generated terahertz pulses with re-
spect to the superluminal regime of terahertz generation, for
example, in LiNbO3 or GaAs.
To illustrate the unusual dynamics of terahertz genera-
tion in the strongly subluminal regime, we plotted the snap-
shots of the electric field Exz , t in GaP on the basis of Eq.
8 with  given by Eq. 4 Fig. 3. Due to proximity of
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ng=3.56 and n0=3.34 the forced- and free-wave pulses have
almost equal amplitudes see Eq. 9 and practically cancel
each other near the entrance boundary z=0. The total tera-
hertz field grows gradually with z from zero and until the
pulses become separated, i.e., within the walk-off length Lw.4
To calculate Lw, we use Eq. 20 of Ref. 4 for the superlu-
minal regime but with permuted terms ng and n0, i.e., Lw
=cFWHM / ng−n0. It gives Lw200 	m for FWHM
=150 fs. For 0zLw, Eq. 9 can be reduced to
Ex  − 4pxzcng + n0−1dF/d
 , 10
which means that the total terahertz field is proportional to
the derivative of the optical pulse intensity envelope and the
passed distance z.
In Fig. 3, the snapshots at small distances 0zLw
look very similar to that for the weakly superluminal regime
in GaAs Ref. 4 or in GaP pumped at 1.034 	m Ref.
16—two adjacent pulses of opposite polarities, the negative
pulse is ahead of the positive one. However, this similarity
camouflages the double-inversion difference in the structure
of the terahertz fields in the two regimes. This difference
manifests itself at larger z. Indeed, in Fig. 3 for z1 mm the
leading negative free-wave pulse experiences absorption
and dispersive broadening while the delaying positive
forced-wave pulse does not experience any change. On the
contrary, in GaAs the delaying positive free-wave pulse
experiences absorption and dispersive broadening while the
leading negative forced-wave pulse does not change with
z.4
To calculate the terahertz fields emitted to vacuum
through the exit boundary z=d, one should apply the inverse
Fourier transform Eq. 7 to the term D4e−ivz−d in Eq. 5
at →. A more simple approach is applying the trans-
mission coefficients to the terahertz pulses Eq. 9 or Eq.
8—usual Fresnel coefficient TF=2n0 / 1+n0 to the free-
wave pulse and new, introduced in Ref. 15, coefficient TN
= ng+n0 / 1+n0 to the forced-wave pulse. This approach,
that omits multiple reflections of the terahertz fields from the
slab’s boundaries, is adequate to a practical situation where
only the first direct terahertz pulse is typically used. Due to
proximity of ng and n0 the coefficients TN and TF are close,
TN1.59, TF1.54, and, therefore, the ratio of the ampli-
tudes of the forced- and free-wave pulses practically does not
change after transmission through the boundary.
Figure 4a shows the emitted from the crystal terahertz
waveforms calculated using accurate formulas 5, 6a–6e,
and 7 at → for the same parameters as in Fig. 3. It is
seen from Figs. 3 and 4a that the emitted from the crystal
terahertz field is, indeed, 1.5–1.6 times larger than in the
crystal, the ratio of the amplitudes of the forced- and free-
wave pulses being practically the same both in vacuum and
in the crystal.
From the practical point of view, the crystal thickness
d0.2–0.5 mm is optimal for the generation of a single-
cycle high amplitude terahertz pulse, according to Fig. 4a.
Indeed, for d0.2 mm the amplitude of the terahertz pulse
decreases, while increasing d above 0.5 mm leads to gener-
ating a more complicated waveform and finally to splitting of
the waveform into two separate pulses Fig. 4a.
To demonstrate that shortening of the pump pulse dura-
tion can dramatically change the regime of terahertz genera-
tion from the strongly subluminal to weakly subluminal, we
plotted the emitted from the slab terahertz waveforms for
FWHM=50 fs Fig. 4b. A characteristic feature of Fig.
4b is the presence of an oscillating tail behind the forced-
wave pulse. This tail is the phase-matched wave of the fre-
quency 07.4 THz. The build-up length Lb, introduced in
Ref. 4 for characterizing stages of terahertz generation in the
weakly subluminal regime, is estimated as Lb200 	m for
GaP excited with Ti:sapphire laser. While dLb the gener-
ated terahertz pulse grows in magnitude with d without sig-
nificant change in its shape see oscillograms for 0.1 and 0.2
mm in Fig. 4b. For dLb, the pulse grows in duration
with d without significant change in amplitude until the du-
ration reaches the decay time of the phase-matched wave
 /2400 fs at d0.5–1 mm. Increasing d above
0.5–1 mm does not influence the forced-wave response
i.e., the near field pulse and the phase-matched wave, while
absorption and dispersive broadening of the leading free-
wave pulse become more pronounced for larger d see oscil-
lograms for 0.5 and 1 mm in Fig. 4b. The oscillograms in
Fig. 4b agree perfectly with recent experimental results of
Ref. 17.
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FIG. 3. Color online The free-open circles and forced-wave filled
squares pulses and the total terahertz field Exz , t solid line in GaP plotted
on the basis of Eq. 8 for successive moments of time. The laser pulse
duration is FWHM=150 fs and the peak laser intensity is I0=1 GW /cm2.
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FIG. 4. Terahertz waveforms emitted from a slab of GaP of different thick-
nesses d shown in millimeter near the corresponding curves for a
FWHM=150 fs and b FWHM=50 fs. The peak laser intensity is I0
=1 GW /cm2.
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B. Emission from a focused optical pulse: Pointlike
terahertz source
Let us consider now the terahertz emission from optical
pulses of an arbitrary transverse size. Figure 5 shows the
spatial distribution of the magnetic field By calculated on the
basis of Eqs. 5, 6a–6e, and 7 for several successive
moments of time and two values of the laser beam width
FWHM=300 and 30 	m. In the calculations, the energy of
the optical pulse per unit length in the y-direction was fixed
to 0.5 	J /cm, so the peak laser intensity I0 differs by a
factor of 10 in Figs. 5a and 5b: 0.1 and 1 GW /cm2,
respectively.
In the case of weak focusing Fig. 5a, the generated
terahertz field evolves inside the GaP crystal in accord with
the one-dimensional 1D theory of Sec. III A moments
1–3: the free- and forced-wave pulses practically cancel
each other near the entrance boundary z=0 moment 1; for
0z0.2 mm the total terahertz field behaves according to
Eq. 10, i.e., it follows the derivative of the optical intensity
envelope and grows with z moment 2; oscillations in the
waveform moment 3 arise due to dispersive distortion of
the leading free-wave pulse. Incidence of the generated tera-
hertz field on the exit boundary of the crystal produces the
reflected and transmitted terahertz radiations moment 4; the
transmitted to the air magnetic field is reduced by a factor of
0.45–0.46 due to reduction in the refractive index. One
can see the formation of the far field in the leading part of the
output radiation produced by the free-wave terahertz pulse
moment 4. The reflected transient radiation in the air z
0 is barely discernible in Fig. 5a moment 1 because of
its weakness.
In the case of strong focusing Fig. 5b, the radiation
pattern produced by the laser pulse moving inside the crystal
moments 1–3 consists of a peak of the near field that ac-
companies the laser pulse, and a cylindrical wave propagat-
ing from the entrance boundary z=0 in the +z direction
ahead of the laser pulse there is also weak transient radiation
in the air propagating in the opposite direction, shown for
moment 1. These two parts of the radiation pattern can be
attributed, respectively, to the forced-−Re−iz/V and free-
wave D2e−icz terms in Eq. 5. The radiation pattern Fig.
5b differs significantly from the patterns typical for the
superluminal and weakly subluminal regimes Ref. 4 by the
absence of a Cherenkov cone and phase-matched wave. In-
cidence of the cylindrical wave on the exit boundary of the
crystal produces moment 4 a relatively weak leading part in
the output terahertz radiation the pattern nulls in the re-
flected radiation correspond to the reflection at Brewster
angle arctan n0
−117°. Incidence of the forced-wave pulse
with a dng−n0 /c1.5 ps delay on the exit boundary gives
3 times stronger single-cycle pulse in the output terahertz
radiation see oscillograms in Fig. 6.
For practical applications, the weak oscillating part of
the output radiation can be filtered out using, for example,
electro-optic sampling. Moreover, the delay and contrast in
magnitude between the two parts of the output radiation—
the leading oscillating part and the delayed single-cycle
pulse—can be made more pronounced by using thicker crys-
tals and focusing the pump laser pulse to a plane near the
exit boundary of the crystal.18 In this case, the unfocused, at
the entrance boundary of the crystal, laser pulse will excite
the transient cylindrical wave only weakly and, additionally,
the wave will experience a strong attenuation while propa-
gating through a thick crystal. At the same time, the forced-
wave pulse, excited by the focused laser pulse near the exit
boundary of the crystal, will produce a strong single-cycle
pulse in the output terahertz radiation.
An interesting peculiarity of the radiation pattern Fig.
5b is that the single-cycle part of the output radiation has
almost perfectly cylindrical wave front the corresponding
part of the reflected to the crystal radiation consists of both a
cylindrical wave and two plane lateral waves. The magni-
tude of the terahertz field on the front only slightly decreases
with the angle of emission counted from the z-axis compare
the oscillograms for two angles in Fig. 6. Such a radiation
pattern can be explained by the emission of the single-cycle
pulse from a narrow with a width defined by the transverse
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FIG. 5. Color online Snapshots of Byz ,x , t at successive moments of
time numerated in order for a FWHM=300 	m and b FWHM
=30 	m. The laser pulse duration is FWHM=150 fs and the peak laser
intensity I0 is a 0.1 GW /cm2 and b 1 GW /cm2. The crystal thickness is
d=2 mm and the crystal boundaries are shown by the dashed lines. In
vacuum, a magnetic field of 1 G corresponds to an electric field of 0.3
kV/cm.
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FIG. 6. Terahertz waveforms emitted from the slab of GaP at the angles of
0° and 45° shown near the corresponding curves to the z-axis after propa-
gating a 2 mm distance in vacuum in far field. Parameters are the same as
in Fig. 5b.
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size of the laser pulse area on the exit surface of the crystal.
Thus, in the strongly subluminal regime of optical-to-
terahertz conversion one can implement a threadlike—or
pointlike, in the 3D case of focusing the laser beam to a
spot—terahertz source that emits terahertz radiation almost
isotropically. In the superluminal and weakly subluminal re-
gimes, an implementation of such a source is impeded by the
generation of the Cherenkov cone or phase-matched wave,
respectively.
From the practical point of view, a possibility to reduce
the size of the emitting area on the exit surface of the non-
linear crystal can be important, for example, for improving
the resolution of the terahertz emission microscopy,19–21 a
recently proposed type of terahertz apertureless near-field
microscopy. In this technique, samples are deposited directly
on the exit surface of the nonlinear crystal ZnTe in Refs.
19–21 and illuminated by the generated in the crystal tera-
hertz radiation in the near field mode. The resolution of the
terahertz images obtained with the terahertz emission micro-
scope is defined mainly by the size of the terahertz spot on
the exit surface of the crystal and can be increased, in prin-
ciple, by using the strongly subluminal regime of terahertz
generation in GaP.
In Ref. 19, electro-optic sampling was used to detect the
terahertz radiation transmitted through the sample. Applying
this technique to our scheme with GaP, the leading oscillat-
ing part of the terahertz radiation can easily be filtered out.
If bolometer is used as a detector, like in Refs. 20 and 21, the
response time of a bolometer typically, in microsecond or
even millisecond range exceeds significantly the time delay
between the two parts of terahertz radiation 1 ps and,
thus, does not allow one to filter out the leading part of the
radiation. Meanwhile, the emission of this part of the radia-
tion is distributed along the exit surface over an area whose
size depends on the crystal thickness and can exceed signifi-
cantly the width of the optical beam Fig. 5b. To reduce
the contribution to the bolometer response from the nonlo-
calized leading part of the radiation, one can apply the pro-
posed above method—focusing the laser pulse to a plane
near the exit boundary of a thick crystal in this case 
decreases with z inside the crystal. Moreover, even in the
simple geometry that we consider in this paper, i.e., for 
independent of z Sec. II, using a GaP emitter instead of
ZnTe of Refs. 19–21 can increase the resolution of the tera-
hertz emission microscope. To demonstrate that, let us calcu-
late the distribution of the total terahertz fluence, i.e., the
total terahertz energy emitted per unit area of the exit sur-
face, along the x-axis.
The terahertz fluence can be found by integrating the
z-component of the Poynting vector Sz in vacuum at z=d+
over infinite interval of time − t. To find Sz
=c4−1ExBy, we use the relation between the Fourier com-
ponents of the electric and magnetic fields in vacuum E˜ x
= cv /B˜ y and the inverse transform of E˜ x calculated ac-
cording to Eq. 7. On integrating Sz, we obtain the fluence
x = 
0

d ,x , 11
where the spectral density of fluence is
,x = c
−/c
/c
dg
−/c
/c
dg e−ig+gx
 1 − c2g2/2ReD4,gD4− ,g 12
Re denotes taking the real part. In Eq. 12, only propagat-
ing with g, g /c waves are included. To filter out the
terahertz pulses that experience double and multiple reflec-
tions from the crystal’s boundaries, we reduce Eq. 6c to
D4 =
v + c
2V/
v + c
TF Re−icd − TN Re−id/V, 13
with TF and TN the transmission coefficients for the obliquely
incident on the crystal-air boundary Fourier components of
the free- and forced-wave pulses, respectively,
TF =
2c
c + v
, TN =
c1 + cV/
c + v
. 14
Equation 14 for TN generalizes the result of Ref. 15 to the
case of oblique incidence and TF is usual Fresnel coefficient.
Figure 7 shows the distributions  ,x 2D graphs
and x 1D graphs at the top of each panel calculated on
the basis of Eqs. 11–14 for 2 mm slabs of GaP and ZnTe.
For ZnTe, we use four-phonon-resonance dielectric function4
and deff=68.5 pm /V.12 Figure 7 shows also the spectral den-
sity of emitted terahertz energy w=
−
 dx ,x 1D
graphs at the right hand side of each panel. The distribution
x is twice as narrow for GaP Fig. 7a than for ZnTe
Fig. 7b—the curve widths FWHM are 54 and
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FIG. 7. Color online The distributions  ,x, x, and w for a
GaP and b ZnTe crystals excited with Ti:sapphire laser FWHM
=150 fs,FWHM=30 	m, I0=1 GW /cm2. The crystal thickness is 2 mm.
The dashed curves show the normalized profile of optical intensity.
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110 	m, respectively. In the case of ZnTe, the terahertz
energy comes from the phase-matched wave with frequency
of 2.5 THz Fig. 7b. The terahertz emission from GaP
has a wide spectrum modulated with a period that is defined
by the time delay between the two parts of terahertz radiation
Fig. 7a.
The width of the fluence distribution x is an adequate
characteristic of the resolution only for samples thicker than
the terahertz wavelength. Indeed, Eq. 12 does not include
evanescent modes with imaginary v, i.e., with 1−c2g2 /2
0. Meanwhile, a thin sample with a thickness smaller than
the terahertz wavelength is illuminated by both the propa-
gating 1−c2g2 /20 and evanescent 1−c2g2 /20
waves. For the case of thin samples, we plotted Fig. 8
x-distribution of the integrated terahertz intensity on the exit
boundary at z=d+,
Ix = 
−

dtBy
2z = d + ,x,t 15
for GaP and ZnTe. According to Fig. 8, the distribution Ix
for GaP is 1.25 times more narrow than x for this crystal
and 3.3 times more narrow than Ix for ZnTe. Interestingly,
the width of Ix for ZnTe 142 	m is larger than the width
of x for this crystal 110 	m.
The difference in the width of Ix between GaP and
ZnTe becomes less striking for thinner ZnTe crystals. For
example, for 200 	m thick ZnTe used in experiment21 the
width equals 89 	m. It is smaller than for 2 mm thick ZnTe
142 	m but still more than two times as large as for 2 mm
thick GaP 43 	m. To obtain the width of Ix comparable
to GaP, the thickness of ZnTe crystal should be as small as
50 	m. Even though the magnitude of the terahertz intensity
for 50 	m thick ZnTe is 4 times as high as for 2 mm thick
GaP, so thin 50 	m crystals are inconvenient for practical
use.
C. Fundamental limitations on the size of the output
terahertz spot
To realize the potentials of improving the terahertz emis-
sion microscopy resolution, let us address now a general
question: are there any limitations on the minimal size of the
output terahertz spot even for an infinitely sharp →0
focusing of the pump laser pulse? In principle, such limita-
tions can come from two physical factors—a restriction from
below on the transverse size of the forced-wave near-field
pulse inside the crystal and broadening of the terahertz in-
tensity distribution due to inhomogeneous transmission of
the terahertz spatial harmonics with different g through the
exit boundary of the crystal.
To estimate the minimal size of the near-field inside the
crystal, we substitute B˜ y =−Re−iz/V to the integral Eq. 7
and evaluate this integral analytically in the dispersionless
approximation n0
2. For a strongly focused laser pulse
with cng
2
−n0
2−1/2, Eq. 7 can be reduced to the fol-
lowing explicit form:
Byx,
 =
4ngpx
cng2 − n02
Re1 − ueu2 erfcu , 16
where erfcu is the complementary error function and u
= xng
2
−n0
21/2 / c− i
 /. Since  does not enter parameter
u, the spatial distribution of the near field produced by a
strongly focused with cng
2
−n0
2−1/2 laser pulse is in-
dependent of . The magnitude of the field does not depend
on  as well for a fixed power of the laser pulse, px
=const. Thus, the width FWHM of the distribution Eq.
16 along the x-axis at 
=0 at midpulse gives the minimal
possible size of the near field
xmin  0.87cng
2
− n0
2−1/2. 17
Interestingly, according to Eq. 17 xmin is proportional to
the laser pulse duration . For example, for FWHM=150 fs
we obtain xmin19 	m in GaP. The minimal width
xmin of the intensity distribution By
2x ,
=0 is more than
twice as small,
xmin  0.41cng
2
− n0
2−1/2, 18
i.e., xmin9 	m for FWHM=150 fs. Figure 9, plotted on
the basis of accurate Eq. 7 with B˜ y =−Re−iz/V, shows that
the transverse size at 
=0 of the near field x, indeed,
tends to xmin given by Eq. 17, in the limit →0. In-
terestingly, the difference between the transverse sizes of the
near field and the laser pulse is xmin in a wide interval
of  two lines in Fig. 9 are practically parallel.
Figure 10 shows the limiting at →0 form of the
near field, calculated on the basis of Eq. 7 with B˜ y =
−Re−iz/V and →0 in R px=const for a fixed energy of
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FIG. 8. Color online The normalized distributions Ix for GaP solid and
ZnTe dashed crystals of a 2 mm thickness excited with Ti:sapphire laser
FWHM=150 fs,FWHM=30 	m. The dotted curve is x for GaP. The
shaded area shows the normalized profile of optical intensity.
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FIG. 9. The transverse size of the terahertz near field x at 
=0 as a
function of FWHM plotted on the basis of Eq. 7 for FWHM=150 fs
solid. The dashed straight line x=FWHM is shown for reference.
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the laser pulse. Note that the z and V
 axes have opposite
directions. The results of the calculations agree perfectly
with the dispersionless approximation Eq. 16 Fig. 10.
The field decays as x−2 in the lateral directions. In contrast
to the planar pulse approximation Sec. III A, the longitudi-
nal profile of the near field in Fig. 10 does not mimic the
envelope of the optical intensity. The near field has a shorter
duration 100 fs, FWHM and a more complicated shape
than the laser pulse.
Addressing the broadening of the terahertz field due to
transmission through the exit boundary of the crystal, we
plotted the limiting at →0 integrated intensities Ix on
the opposite sides of the boundary—at z=d, respectively
Fig. 11. In the calculations, we used Eqs. 7 and 15 with
B˜ y =−Re−id/V, for z=d−, and B˜ y =−TN Re−id/V, for z=d+,
and →0 in Rpx=const. It is seen from Fig. 11 that
transmission through the boundary, indeed, significantly—by
a factor of 1.5—broadens the terahertz intensity distribu-
tion, thus, increasing its minimal width from 10 	m at z
=d− to 16 	m at z=d+. This effect can be explained by a
different phase change experienced by terahertz spatial har-
monics with different g when they are transmitted through
the boundary.
Thus, the minimal possible size of the output terahertz
spot at the exit boundary of a GaP crystal excited with a
Ti:sapphire laser is 16 	m for FWHM=150 fs. For a fur-
ther decrease in the spot size, shorter laser pulses should be
used but that would inevitably lead to a shift in the generated
terahertz spectrum to higher frequencies—the peak spectral
frequency of the field 16 at x=0 is peak=2−1.
IV. CONCLUSION
To conclude, we have introduced and investigated the
strongly subluminal regime of terahertz generation with ul-
trashort laser pulses in electro-optic crystals. This regime is
achieved when the group velocity of the pump laser pulse is
smaller than the highest phase velocity of terahertz waves in
the crystal ngn0 and, additionally, the spectral bandwidth
of the laser pulse is smaller than the frequency of the phase-
matched terahertz wave 2−10. These conditions can be
fulfilled, for example, for GaP excited with Ti:sapphire laser
pulses of typical duration FWHM100 fs.
We have studied the peculiarities of the terahertz emis-
sion from a slab of GaP excited with a Ti:sapphire laser. For
a weakly focused laser pulse, the emitted from the crystal
terahertz pulses demonstrate double position-polarity inver-
sion as compared to the emission from LiNbO3 or GaAs. The
optimal thickness of GaP crystal for generating single-cycle
high amplitude terahertz pulses is 0.2–0.5 nm.
For a strongly focused laser pulse, the strongly sublumi-
nal regime offers a practically interesting possibility to re-
duce the size of the terahertz spot at the exit surface of the
crystal by a factor of 2–3 for GaP with respect to ZnTe.
This can be used for increasing the resolution of terahertz
apertureless near-field microscopy.
Finally, we have found fundamental limitations on the
minimal size of the terahertz spot on the exit boundary of the
crystal that follow from a restriction from below on the
transverse size of the terahertz near-field of the nonlinear
source and from the spatial broadening of the terahertz field
when it is transmitted through the crystal boundary.
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